Ba 2 ZnS 3 :Pr phosphors, emitting white to green light, were synthesized by the double-crucible method. X-ray diffraction results indicate that the raw materials were completely sulfurized at 1000°C for 2 h. All samples doped with 0.05-10 mol % Pr 3+ had orthorhombic crystal structures. The emission spectra are the results of ͑i͒ host-activator transition and ͑ii͒ direct excitation of Pr 3+ ions. Obtained using 365-nm UV light, the photoluminescence spectra include emission peaks between 470 and 520, 530 and 570, and 585 and 665 nm. The maximum emission peak at 493 nm is associated with the 3 P 0 → 3 H 4 transition, and the intensity was maximal at a doping concentration of 0.2 mol %. The 1 D 2 -3 H 4 transitions, like the CIE ͑Commission Internationale de l'Eclairage͒ color coordinate from the white region to the green region, are sensitive to the concentration of the dopant Pr 3+ ions. In response to excitement using 456-nm purplish blue light, the maximum emission intensity at 493 nm was maximal at a doping concentration of 2 mol %. Barium zinc sulfide was first prepared by firing zinc oxide and barium oxide in an atmosphere of hydrogen sulfide ͑H 2 S͒.
In recent years, rare-earth doped II-VI compounds as luminescent materials have received considerable attention. [1] [2] [3] [4] [5] [6] As it is well known, rare-earth metals are efficient luminescent materials for use in multicolor electroluminescent and cathodoluminescent devices. 7 Pr-doped wide-bandgap phosphor materials with full color luminescence have also received substantial interest because such materials have the potential to generate white light from the 3 8 Nearly all of the 4f 2 levels can be reached by the absorption of one photon or luminescence in the visible or IR range. The relative intensities of the peaks depend on the host crystals. Additionally, several II-VI mixed sulfides doped with rare-earth ions have been investigated, such as Ca 1−x Sr x S:Ce, 9 Ca 1−x Sr x S:Eu, 10 Zn 1−x Sr x S:Ce, 11 and Zn 0.05 Sr 0.95 S:Eu,Sm. 12 Barium zinc sulfide was first prepared by firing zinc oxide and barium oxide in an atmosphere of hydrogen sulfide ͑H 2 S͒. 13 Subsequently, Megson investigated the solubility of ZnS in BaS. 14 The firing of BaS and ZnS ͑in the molar ratio 2BaS:1ZnS͒ in an oxygenfree nitrogen atmosphere yielded barium zinc sulfide ͑Ba 2 ZnS 3 ͒. However, the role of the rare-earth Pr 3+ ion doped in barium zinc sulfide has not yet been studied.
In this investigation, the Pr 3+ -doped barium zinc sulfide phosphors were synthesized using the double-crucible method to control the doping concentration of Pr 3+ ions in a conventional solid-state reaction. The phases, the morphologies, and the photoluminescent properties of Ba 2 ZnS 3 :xPr 3+ phosphors were studied.
Experimental
Sample preparation.-Ba 2 ZnS 3 :xPr 3+ phosphors were synthesized in two steps. Pure barium sulfide was produced first using starting ingredients of BaCO 3 ͑NOAH͒, S ͑SHOWA͒, and ethanol ͑ACS reagent, ACROS͒. Two crucibles were put into a quartz tube furnace, 15 one containing the well-mixed BaCO 3 and S and the other containing the proper amount of ethanol as a reducing agent. The contents were fired at 1000°C for 2 h.
In the second step, samples of Ba 2 ZnS 3 :xPr with 0.1 Ϲ x Ϲ 10 mol % were prepared via the conventional solid-state reaction using the double-crucible method. The starting ingredients consisted of BaS, ZnS ͑CERAC͒, S ͑SHOWA͒, PrCl 3 ·6H 2 O ͑Aldrich͒, and ethanol. The required amounts of PrCl 3 ·6H 2 O were first dissolved in an aqueous ethanol. The stoichiometric amounts of BaS, ZnS, and S were added to the ethanol solution and mixed during continuous stirring for 1 h at about 65°C until all ethanol was evaporated. Subsequently, the aforementioned two-crucibles method was used again. These two crucibles were put into a quartz-tube furnace and fired at 1000°C for 2 h. Ethanol is also a reducing agent and produces a reductive atmosphere.
Characterization.-The effects of Pr doping and of thermal treatment on the structure were carefully studied by X-ray powder diffraction using Cu K␣ radiation ͑Rigaku Dmax-33 X-ray diffractometer͒ with a source power of 30 kV and a current of 20 mA. The surface morphology was examined by high-resolution scanning electron microscopy ͑SEM, S4200, Hitachi͒. Both excitation and luminescence spectra of these phosphors were recorded on a Hitachi F-4500 fluorescence spectrophotometer using a 150 W xenon arc lamp as the excitation source at room temperature.
Results and Discussion
Structures.- Figure 1 presents the X-ray powder diffraction patterns of Ba 2 ZnS 3 :xPr with 0 Ϲ x Ϲ 10 mol %. All of the peaks are attributed to the orthorhombic Ba 2 ZnS 3 phase ͑space group D 2 h 16 -
Pnam͒. The full width of half maximum ͑fwhm͒ of these peaks increases with the concentration of Pr 3+ doping over 2 mol %. The fwhm may contribute to the formation of defects and the poorer crystallinity as the trivalent praseodymium ions are introduced on divalent cation sites and the concentration of Pr 3+ dopants increases. The trivalent praseodymium ion has a smaller radius ͑1.16 Å͒ than the divalent barium ion ͑1.43 Å͒ but a larger radius than the divalent zinc ion ͑0.83 Å͒, so the praseodymium ion can replace the barium ion. Defects were thus formed and the crystallinity made worse, becoming more serious as the dopant concentration increases. Figure 2 shows the lattice constants derived from the X-ray diffraction data. Clearly, the cell volume and the lengths of the a, b, and c axes decrease as the concentration of the Pr 3+ dopant increases. These results also indicate that the praseodymium ions replace the barium ions. The Ba 2 ZnS 3 powders doped with Pr 3+ ions at concentrations from 0.05 to 10 mol % do not significantly affect morphology. The SEM images reveal that the particles are irregularly shaped with sizes between 3 and 15 m.
Optical properties.- Figure 3 displays the absorption spectrum of the Ba 2 ZnS 3 :Pr 3+ phosphors at room temperature. A comparison between doped and undoped Ba 2 ZnS 3 samples indicates that a broad shoulder band in the range 440-520 nm and a small peak at around 612 nm are associated with the f-f transition of the activator Pr ions. The broad bands at less than 400 nm are attributed to absorption by the host, and the bandgap of Ba 2 ZnS 3 is at about 3.18 ± 0.02 eV, by extrapolation. The absorption band between 440 and 520 nm is attributed to transitions from the ground 3 The excitation intensities of f-f transition bands increase with the doping concentration up to 2 mol %. As the doping concentration rises over 2 mol %, the excitation intensities of the f-f transition bands gradually decrease. Moreover, the intensities of the intrinsic excitation bands are higher than those of the f-f transition bands at doping concentrations below 1 mol %. However, when the doping concentration exceeds 1 mol %, the intensities of f-f transition bands exceed those of intrinsic excitation bands, suggesting that intrinsic excitation domi- 
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Journal of The Electrochemical Society, 153 ͑6͒ G543-G547 ͑2006͒ G544 nated emission at low dopant concentration and activator excitation dominated emission at doping concentrations of over 1 mol %. The emission spectra of the Ba 2 ZnS 3 :Pr 3+ phosphors have four emission bands in the visible region. No other emission peak was observed in the UV region or near the IR region. Figure 6 shows the emission spectra obtained by excitement with light with a wavelength of around 365 nm. The bands in the ranges 470-520, 530-570, 584-620, and 620-663 nm represent the 3 3+ emission is a commonly observed phenomenon and is typically attributed to the transfer of energy to quenching sites and/or cross relaxation. 16 The emission intensities of 3 P 0 → 3 H 4, 5,6 transitions decrease as the doping concentration increases from 0.2 to 10 mol %, as shown in Fig. 7 18 However, the energy gap of about 4000 cm −1 between the 3 P 0 and the next lower lying level, the 1 D 2 , is larger than the low phonon energy of the host lattice ͑less than 300 cm −1 ͒. The more than ten phonons needed to bridge this energy gap is a very unlikely event. [19] [20] [21] No 1 D 2 → 3 H 4 emission is observed because the multiphonon relaxation is not very efficient. Figure 9 presents the CIE color coordinates of all samples excited by 360-370 nm UV light and 456 nm purplish-blue light. The emission spectra obtained by intrinsic excitation have three parts: a main part in the range 475-520 nm ͑bluish green to green͒, a part spread in the range 585-665 nm ͑orange yellow to red͒, and a small part in the range of 530-570 nm ͑yellowish green to yellow green͒ ͑as Fig. 6͒ . At a doping concentration of below 1 mol %, the CIE color coordinates of the samples were all in the white region ͑from x = 0.3476, y = 0.4242 to x = 0.4216, y = 0.3999͒; those of the Ba 2 ZnS 3 :Pr 3+ phosphors at dopant concentrations of over 2 mol % were all in the green region ͑from x = 0.2284, y = 0.4405 to x = 0.1653, y = 0.4735͒.
Excited by 456-nm purplish blue light, the emission spectra involved only 3 P 0 → 3 H J transitions. The emission peaks originated from 1 D 2 → 3 H 4 transition disappear and most of the emission is in the range 475-520 nm associated with the 3 P 0 → 3 H 4 transition. Hence, the CIE color coordinates were in the green region ͑from x = 0.1797, y = 0.4418 to x = 0.1180, y = 0.4736͒.
Conclusion
Pr 3+ -doped Ba 2 ZnS 3 phosphor powders were successfully synthesized via a conventional solid-state reaction using a doublecrucible method. Ba 2 ZnS 3 :xPr powders calcined at 1000°C for 2 h have a single orthorhombic structure and exhibited emission by intrinsic excitation ͑a UV light with exc Լ 360 Ϸ 370 nm͒ and activator direct transition. Under intrinsic excitation, the sample doped with 0.2 mol % Pr 3+ ions emits with a maximal intensity at 493 nm and emits white light with a CIE color coordinate of x = 0.368, y 
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Journal of The Electrochemical Society, 153 ͑6͒ G543-G547 ͑2006͒ G546 = 0.413. Under activator direct transition, most of the emission is in the range of 475-520 nm ͑ 3 P 0 → 3 H 4 transition͒. The sample doped with 2 mol % Pr 3+ ions also has maximum emission intensity at 493 nm. Emission in the range 584-620 nm ͑ 1 D 2 → 3 H 4 transition͒ disappeared so the CIE color coordinates were all in the green region.
